The exploration of the vast phase space of transition metal nitrides is critical for discovering novel materials and potential technological applications. Manganese mononitride with a tetragonal structure (space group I4/mmm) was synthesized in a laser-heating diamond anvil cell, which could be quenched to ambient pressure. The bulk modulus of 173 GPa was measured using in situ high-pressure diffraction, and the axial compressibility shows that, under pressure, the a direction is much more compressible than the c direction in tetragonal MnN. DFT results with correction of the on-site repulsion (GGA + U) confirm that tetragonal MnN is energetically stable and antiferromagnetic. This study highlights the need to include on-site repulsion to understand 3d metal nitrides.
Introduction
Nitrogen is an abundant element in atmospheric conditions, and it can form a large number of important materials with main group elements and transition metal elements. Transition metal nitrides attract considerable interest due to their mechanical, electronic, and magnetic properties. For example, transition metal nitrides are considered to be potentially superhard materials [1] because of the strong hybridization between nitrogen and transition metals, giving them high incompressibility and hardness. Furthermore, the partially filled d orbitals of transition metals bonded with nitrogen also lead to the presence of interesting electronic and magnetic properties, which are also great candidates for magnetic storage devices [2] .
At ambient pressure, most transition metal nitrides are prepared through traditional synthesis routes, such as ammonolysis or nitridation of metals and their compounds [3, 4] , vapor deposition [5] , and epitaxial growth methods [6] . However, some binary nitrides are difficult to synthesize using standard methods, so high-pressure synthesis provides an alternative route for discovering novel nitrides. Recently, several novel transition metal nitrides have been synthesized in the Fe-N [7] , Cu-N [8] , Hf-N [9] , and Ta-N [10] systems, suggesting that pressure can effectively promote the role of d-electrons in chemical bonding with nitrogen [11] .
Manganese nitrides are particularly interesting because of their variety of electronic and magnetic properties. Experimentally, the perovskite-type ε-Mn 4 N films showed ferromagnetic properties with a 2 of 8 magnetic moment of 1.1 µ B per unit cell, and the tetragonal η-Mn 3 N 2 films exhibited antiferromagnetism with 0.4 µ B per unit cell [12] . So far, among the manganese nitrides, the most nitrogen rich-nitride is reported to be mononitride, θ-MnN (Space group:139), which has been synthesized using different methods, such as molecular beam epitaxy [13] and DC reactive sputtering [14] . Tetragonal MnN was found to have anomalous thermal expansion and be antiferromagnetic with a Néel temperature of 650 K [15] . Moreover, experimental data found that the magnetic structure of MnN consisted of ferromagnetically aligned c-planes coupled anti-ferromagnetically in the c-direction [16] . Here, we report the synthesis of the MnN compound starting from elemental Mn and liquid nitrogen in a laser-heated diamond anvil cell to explore the phase space of the Mn-N system. Tetragonal MnN was synthesized at 30 GPa and 1500 • C and was quenchable to ambient pressure. The bulk modulus and the axial compressibility were measured using in situ high-pressure diffraction. DFT results with GGA + U confirm that tetragonal MnN is energetically stable and antiferromagnetic.
Materials and Methods
Experimental details: A micrometer-sized manganese (99.95% Alfa Aesar) flake was placed into the gasket hole of a diamond anvil cell (DAC) and subsequently loaded with high-purity liquid nitrogen. Liquid nitrogen served both as a pressure medium and a reactant. A stainless-steel gasket was used to form the sample chamber in the experimental runs with 300 µm culets. The pressure was calibrated by the ruby fluorescence. After cold compression to a maximum pressure of 30.0 GPa, the sample was heated at about 1500 • C for about 5 min. The heating was performed using two 100 W YLF (yttrium lithium fluoride) fiber lasers within a double-sided infrared laser heating system at 16-IDB, High-Pressure Collaborative Access Team (HPCAT). Temperatures from both sides were measured individually with an imaging spectrograph [17] . Angle-dispersive powder X-ray diffraction patterns were collected before and after laser heating at HPCAT, beamline 16-IDB (wavelength: λ = 0.4066 Å) and GeoSoilEnviroCARS, beamline 13-BM-C (Wavelength: λ = 0.434 Å) of the Advanced Photon Source (APS), Argonne National Laboratory (ANL). The diffraction images were integrated using DIOPTAS [18] , and Rietveld refinement with GSAS software was performed to obtain the unit cell volume and lattice parameters [19, 20] .
Computational details: Theoretical calculations were carried out using the Vienna ab initio approximation package (VASP) [21, 22] within the generalized gradient approximation (GGA) parametrized by the Perdew-Burke-Ernzerhof (PBE) functional [23] . All structures were fully relaxed without symmetry constraints with a cutoff energy of 850 eV, and the convergence of energy and force were set to 1 × 10 −6 eV and 0.001 eV/Å, respectively. The k-points were automatically generated by the Monkhorst-Pack grids with a resolution of 0.03 Å −1 [24] . The projector-augmented plane-wave (PAW) potentials [24, 25] were used. To accurately describe the strongly correlated interaction between MnN, FeN, and CrN, GGA + U was also employed to study the stability and electronic properties with a fixed U value of 4 eV. The phonon dispersion curves were calculated using the PHONOPY code with density-functional perturbation theory (DFPT) [26] .
Results and Discussion
Elemental manganese and liquid nitrogen were loaded into a diamond anvil cell and compressed up to 30 GPa to obtain potential manganese nitrides. Before heating, we did not observe the formation of any new phases monitored with in situ synchrotron X-ray diffraction, except Mn and nitrogen ( Figure 1a ). Upon heating to 1500 • C, a new phase clearly is present in the observed diffraction pattern ( Figure 1b ), and heating was maintained for 5 min to complete the grain growth. The reaction was further reproduced by heating two or three different spots in the samples. At room temperature after heating, the powder X-ray diffraction patterns were collected from 30 GPa down to ambient pressure shown in Figure 1c . With decompression to zero pressure, the diffraction peaks maintain sharp and strong, suggesting the samples' stability and recovery at ambient pressure. The X-ray diffraction lines of MnN as a function of pressure are shown in Figure 2a . The smooth evolutions of the X-ray diffraction Crystals 2019, 9, 511 3 of 8 lines reveal no phase transition in MnN during its recovery down to ambient conditions. The powder diffraction data for MnN at different pressures could be Rietveld refined with the space group of I4/mmm as plotted in Figure 2b ,c. The crystal structure of MnN is given in Figure 2d , showing that each Mn atom has six nearest neighbors forming an octahedron. The lattice constants of the primitive tetragonal cell were a = 2.994(1) Å and c = 4.175(1) Å at zero pressure. The Mn and N atoms were located in the 2a (0, 0, 0) and 2b (0, 0, 0.5) Wyckoff positions. In a previous paper by Suzuki et al. [14] , the cell was given as an F-cell with a = 4.256 Å and c = 4.189 Å, which transformed to primitive cell: a = 3.009 Å and c = 4.189 Å. Thus, our lattice constants are slightly smaller than those obtained by Suzuki et al. [14] .
Crystals 2019, 9, x FOR PEER REVIEW 3 of 9 X-ray diffraction lines of MnN as a function of pressure are shown in Figure 2a . The smooth evolutions of the X-ray diffraction lines reveal no phase transition in MnN during its recovery down to ambient conditions. The powder diffraction data for MnN at different pressures could be Rietveld refined with the space group of I4/mmm as plotted in Figure 2b ,c. The crystal structure of MnN is given in Figure 2d , showing that each Mn atom has six nearest neighbors forming an octahedron. The lattice constants of the primitive tetragonal cell were a = 2.994(1) Å and c = 4.175(1) Å at zero pressure. The Mn and N atoms were located in the 2a (0, 0, 0) and 2b (0, 0, 0.5) Wyckoff positions. In a previous paper by Suzuki et al. [14] , the cell was given as an F-cell with a = 4.256 Å and c = 4.189 Å , which transformed to primitive cell: a = 3.009 Å and c = 4.189 Å . Thus, our lattice constants are slightly smaller than those obtained by Suzuki et al. [14] . X-ray diffraction lines of MnN as a function of pressure are shown in Figure 2a . The smooth evolutions of the X-ray diffraction lines reveal no phase transition in MnN during its recovery down to ambient conditions. The powder diffraction data for MnN at different pressures could be Rietveld refined with the space group of I4/mmm as plotted in Figure 2b ,c. The crystal structure of MnN is given in Figure 2d , showing that each Mn atom has six nearest neighbors forming an octahedron. The lattice constants of the primitive tetragonal cell were a = 2.994(1) Å and c = 4.175(1) Å at zero pressure. The Mn and N atoms were located in the 2a (0, 0, 0) and 2b (0, 0, 0.5) Wyckoff positions. In a previous paper by Suzuki et al. [14] , the cell was given as an F-cell with a = 4.256 Å and c = 4.189 Å , which transformed to primitive cell: a = 3.009 Å and c = 4.189 Å . Thus, our lattice constants are slightly smaller than those obtained by Suzuki et al. [14] . For comparison, the structural properties of the adjacent 3d transition metal nitrides (CrN and FeN) are listed in Table 1 . Experimentally, the majority of rocksalt nitride compounds generally possess a relatively bigger bulk modulus than those of their corresponding pure metal elements, due to the hybridized p-d bonding of the transition metal and nitrogen. The pressure dependence of the unit cell volume and the lattice parameters are displayed in Figure 3a ,b, respectively. The volume-pressure data were fitted with a third-order Birch-Murnaghan equation of state (EoS) to calculate both the zero-pressure bulk modulus, B 0 , and its derivative with respect to pressure, B 0 . Three cases are discussed. Firstly, the resulting value is B 0 = 160 GPa if B 0 is fixed to the canonical value of 4. Secondly, the resulting value is B 0 = 191 GPa (with B 0 = 2.20) when V 0 is fixed to the value of 37.43 Å 3 . Thirdly, if B 0 is allowed to freely vary, the resulting bulk modulus is 173 GPa and its derivative is 3.06. This means the data can be fitted almost equally well by decreasing the value of B 0 and increasing the value of B 0 or vice versa. The calculated bulk modulus is 187 GPa, in good agreement with the experimental value. Generally, for 3d transition metal nitrides with a rocksalt structure, the metals from Cr to Fe have a significantly decreasing bulk modulus with the increase of valence electrons. In addition, as shown in Figure 3b , as pressure increased, the lattice parameters show slightly anisotropic. The axial compressibility of lattice parameters shows that the decreasing of a/a 0 is larger than that of c/c 0 with increasing pressure, which means the material is much more compressible along the a direction than the c direction. At the pressure of 30 GPa, the a axis and c axis decrease by 4.59% and 4.16% relative to the ambient pressure value, respectively. To help to understand the origin of the stability and magnetic configurations of MnN, we calculated five possible candidates for MnN, including previously reported I4/mmm-MnN, F4 ̅ 3m-MnN, Fm3 ̅ m-MnN, and the neighboring CrN-and FeN-type structures, Pmmn-MnN and P63/mmc-MnN. At first, we looked for the most stable magnetic ground states of MnN with different candidates at ambient conditions and considered three possible magnetic configurations (non-magnetic, ferromagnetic, and antiferromagnetic) in our calculations. Our results found that the antiferromagnetic state with a magnetic moment of 4.04 μB is the most stable magnetic configuration for all the candidates of MnN. Therefore, we only focused on the evolution of antiferromagnetic MnN structures with increasing pressure. The calculated enthalpies based on the GGA functional are plotted in Figure 4a , showing that F4 ̅ 3m-MnN is the most stable at zero pressure. However, P63/mmc-MnN is the most stable crystal structure at high pressures ranging from 10 GPa to 100 GPa. Pressure can effectively promote a chemical interaction between transition metal d-electrons and nitrogen, inevitably leading to interesting properties in these compounds. As plotted in Figure 3c , this atomic arrangement of MnN 6 octahedrons has a slight distortion and rotation at ambient pressure. To quantitatively illustrate the pressure-induced evolution of the Mn-N bonds in octahedron MnN 6 , we further derived the Mn-N bond lengths from the Rietveld refinements, as depicted in Figure 3d . In the range of 0-30 GPa, the in-plane Mn-N1 bond length and the out-of-plane Mn-N2 bond length decrease gradually as pressure increases. The Mn-N1 and Mn-N2 bond lengths are 2.117 and 2.088 Å at zero pressure, respectively. The fitting curve shows that the descent rate of the Mn-N1 bond length is larger than the Mn-N2, which corresponds to the decrease rate of a/a 0 larger than that of c/c 0 , which results in much more compressibility along the a direction than along the c direction. To help to understand the origin of the stability and magnetic configurations of MnN, we calculated five possible candidates for MnN, including previously reported I4/mmm-MnN, F43m-MnN, Fm3m-MnN, and the neighboring CrN-and FeN-type structures, Pmmn-MnN and P6 3 /mmc-MnN. At first, we looked for the most stable magnetic ground states of MnN with different candidates at ambient conditions and considered three possible magnetic configurations (non-magnetic, ferromagnetic, and antiferromagnetic) in our calculations. Our results found that the antiferromagnetic state with a magnetic moment of 4.04 µ B is the most stable magnetic configuration for all the candidates of MnN. Therefore, we only focused on the evolution of antiferromagnetic MnN structures with increasing pressure. The calculated enthalpies based on the GGA functional are plotted in Figure 4a , showing that F43m-MnN is the most stable at zero pressure. However, P6 3 /mmc-MnN is the most stable crystal structure at high pressures ranging from 10 GPa to 100 GPa. Furthermore, to sufficiently describe the strongly correlated system of Mn-N, we also calculated the enthalpies of MnN structures by including the U correction, and the results are shown in Figure 4b . We found that the I4/mmm-MnN observed experimentally is the most stable at ambient conditions and remains stable at high pressure up to 75 GPa. The Pmmn-MnN had smaller enthalpy than I4/mmm-MnN at 80 GPa. Later, I4/mmm-MnN becomes the most stable structure again when the pressure increases to 100 GPa. These results indicate that correcting the strongly correlated interaction is very important for a precise understanding of MnN properties. Furthermore, based on the GGA+U method, the phonon dispersion curves of I4/mmm-MnN were calculated, as shown in Supplementary Materials Figure S1 . The results indicate that imaginary frequency is not observed, revealing the dynamical stability of I4/mmm-MnN again at ambient conditions.
To provide a deeper understanding of the electronic properties of I4/mmm-MnN, the calculated band, and partial density of states (PDOS) were examined, as shown in Figure 5a . We can see that I4/mmm-MnN is metallic with electronic bands crossing the Fermi level (E F ). Assisted by the calculated density of states (DOS), we show that the conduction bands comprise of mixed Mn-d and N-p states. As we know that the magnetic ground state of I4/mmm-MnN is antiferromagnetic, the total DOS of the spin-up channel equals to that of spin-down channel. Furthermore, strong hybridization between the Mn-d orbitals and N-p orbitals is found, and both Mn-d orbitals and N-p orbitals mainly contribute to the states around the Fermi level. While formally metallic, the DOS at the Fermi energy is low To provide a deeper understanding of the electronic properties of I4/mmm-MnN, the calculated band, and partial density of states (PDOS) were examined, as shown in Figure 5a . We can see that I4/mmm-MnN is metallic with electronic bands crossing the Fermi level (EF). Assisted by the calculated density of states (DOS), we show that the conduction bands comprise of mixed Mn-d and N-p states. As we know that the magnetic ground state of I4/mmm-MnN is antiferromagnetic, the total DOS of the spin-up channel equals to that of spin-down channel. Furthermore, strong hybridization between the Mn-d orbitals and N-p orbitals is found, and both Mn-d orbitals and N-p orbitals mainly contribute to the states around the Fermi level. While formally metallic, the DOS at the Fermi energy is low (0.67 states/eV/cell). To compare the electronic properties of I4/mmm-MnN, we further investigated the stable configuration and electronic properties of FeN and CrN at zero pressure. Our results show that at ambient conditions, the most stable configuration of FeN and CrN is F4 ̅ 3m-and Fm3 ̅ m-type structures, respectively. The magnetic ground state of both F4 ̅ 3m-FeN and Fm3 ̅ m-CrN are antiferromagnetic with a magnetic moment of 3.85 μB and 2.49 μB, respectively. The band structures and PDOS are shown in Figure 5b ,c. Both I4/mmm-MnN and Fm3 ̅ m-CrN are similar, showing metallic behaviors. However, the F4 ̅ 3m-FeN is a semiconductor with a direct band gap of 0.5 eV at the X point. 
Conclusions
In this work, manganese and nitrogen were compressed and laser-heated at 30.0 GPa for the first time, which overcomes the energy barrier towards the formation of a more stable MnN compound. We performed Rietveld refinement to determine the structure of MnN, which is indexed by face- 
